Abstract. The center of our Galaxy is a complex region characterized by extreme phenomena. The presence of the supermassive Sagittarius A* black hole, a high Dark Matter (DM) density and an even higher baryonic density are able to produce very energetic processes. Indeed, high energetic gamma rays have been observed by different telescopes, although its origin is not clear. In this work, we constrain the possible antiproton flux component associated to this signal. The expected secondary astrophysical antiproton background already saturates the observed data. It implies that any other important astrophysical source leads to an inconsistent excess, since the theoretical uncertainties corresponding to the mentioned background are small. The constraints depend on the diffusion model and the spectral features of the source. In particular, we consider antiproton spectra described by a power-law, a monochromatic signal and a Standard Model particle-antiparticle channel production.
Introduction
The Galactic Center (GC) hosts large macroscopic concentrations of gas, dark matter (DM) and interstellar radiation, what implies an important diffuse Galactic emission in this region. In addition, the GC contains a large number of resolved and unresolved sources of cosmic rays. Such a complex structure copiously sources different cosmic rays from hadronic inelastic interactions, charged particle acceleration, inverse Compton scattering and bremsstrahlung. This dense environment does not allow to reconstruct cosmic ray fluxes from first principles without non-trivial extrapolations and important assumptions.
Different studies of the GC region has found interesting features in the spectra of cosmic ray fluxes, mainly related to gamma ray emissions, and reported as excesses with respect to expected backgrounds. Some of them, as the one observed by the EGRET telescope in the diffuse gamma ray emission [1, 2] , has been fully explained as having a systematic origin [3] since it has not been confirmed by other data [4] as the one collected by the Fermi Large Area Telescope (LAT) [5, 6] . However, it has been claimed that these new data contain other possible excess [7] . At higher energies, observations of gamma rays from the GC have been reported by several collaborations such as CANGAROO [8] , VERITAS [9] , HESS [10, 11] , MAGIC [12] . Also neutrino fluxes are expected to be originated from the GC. In fact, the IceCube collaboration have reported the observation of 37 high-energy neutrinos. They seem to have an astrophysical origin and 5 of them are likely originated from the GC [13] .
There are different potential candidates for the primary source of new cosmic rays over the aforementioned backgrounds. In particular, there are point sources associated with the Sgr A* black hole [14, 15] , supernova remnants such as the Sgr A East supernova [16] , unresolved populations of millisecond pulsars [17] , or other unidentified point sources. As we have mentioned, the most part of the observations are related to gamma ray fluxes, but it is expected that the same primary source, which constitutes the origin of the observed signal, may produce leptonic or hadronic counterparts. In addition, the production of a concrete particle will induce the production of others depending on the particular type of particle and energy. This secondary production would affect mainly the diffuse signal through hadronic emission by inelastic proton collision with the interstellar gas, inverse Compton scattering of interstellar radiation by cosmic ray electrons and positrons, or bremsstrahlung [4, 18] .
All these effects make the analysis very challenging. In order to model the GC background, different templates have been used. However, significant systematic effects are associated with cosmic ray density distribution and diffuse hadronic emission [19] . Indeed, there is a large ignorance about cosmic rays in this region since different populations of cosmic rays are likely to inhabit the GC itself and may have an important contribution to the fluxes observed at the Earth. Another fundamental issue with using the diffusion models is the set of templates employed to reproduce the morphology of the hadronic and inverse Compton Galactic emission. For example, gas column-density map templates neglects the possibility of an enhanced cosmic ray abundance in the inner Galaxy, and the inverse-Compton template depends strongly on specific choices for the input parameters in the Galprop code [20] .
With all the commented caveats in mind, we will assume that such emission from the GC exists and we will estimate the possibility of detecting such signal under the assumption that it is very localized around the GC. In particular, we will focus on an antiproton emission. The e ± and pp data from ATIC/PPB-BETS, PAMELA, FERMI and AMS have been largely studied. It has been speculated during the last years about the possibility of explaining the leptonic data at high energy with DM annihilation or decay, but it also admits a consistent interpretation as astrophysical primary sources [21] . On the contrary, antiproton observations seem perfectly consistent with astrophysical expectations, whose origin is due to the interactions between cosmic ray nuclei and the Interstellar Matter (ISM). In this sense, antiproton data can be used to characterize diffusion models of charged particles along our galaxy, or to constrain new physics, whose antiproton flux may be identified up the diffusion background. This is the case of DM models, whose indirect astrophysical searches are fundamental in order to investigate the constraints and the prospectives for the detection of different DM models [22] [23] [24] [25] [26] . This is particularly true for heavy DM candidates, whose observation in direct detection experiments or particle accelerators [27] is highly challenging.
In concrete, we will use the PAMELA antiproton data [28] , that are in perfect agreement with secondary and tertiary antiprotons production. Astrophysical uncertainties due to the antiproton diffusion model affect the antiproton flux at the Top Of the Atmosphere (TOA) and several standard and non-standard diffusion models can be found in the literature [24, 29] . In this work, we will study the propagation of the antiproton flux emitted by a localized source at Galactic Center (GC) and the prospective antiproton flux for different emission spectra. Our aim is to study the prospective signature that could arise in the antiproton flux due to such a source. Restrictions can be set depending on the total integrated flux and the features of the emission spectra. The manuscript is organized as follow: In Section II, we will review the antiproton diffusion equation and its solution for the particular case of a point-like source at the GC. In Section III, we will analyze the prospective flux at TOA produced by a fiducial power law, monochromatic and DM antiproton spectra for such a point-like source at the GC. In the last case, we will pay particular attention to the a heavy DM candidate able to explain the gamma ray emission from the same region and detected by HESS [30] . Finally, we will summarize our main results in Section IV.
Antiproton propagation
Charged cosmic ray propagation in the Galaxy is a complex process affected by many different physical phenomena. Propagation parameters are set by B/C and sub-Fe/Fe cosmic ray nuclei data analyses. Different configuration of parameters may be compatible with both set of data [29] . Antiproton energy losses, convention and reacceleration also affect the flux at the TOA. Energy losses are mainly due to two effects: First, ionization in neutral ISM and ionized plasma; and second, the existence of a Galactic wind. The latter phenomena is described as a constant convective wind velocity V c , that pushes the antiprotons far away from the Galactic plane. In the middle of this plane, at z=0, a singularity takes place since V c have opposite sign above and below the Galactic plane [29] . The Galactic wind is due to a constant flow Table 1 . Value of the parameters associated with different diffusion models of the antiproton propagation within the Milky Way. The adjectives minimum, medium and maximum refer to the probability of such diffusion [33] .
of irregularities in the Galactic magnetic field. The interaction between charged particles and inhomogeneities is described by the pure space diffusion coefficient K(E). This term is energy-dependent because higher energy particles are sensitive to larger spatial scales:
, its velocity (c = 3 × 10 5 km/s ); Ep = E − m p , thep kinetic energy; and m p = 0.938 GeV/c 2 , its mass (c = 1 in atomic units). The parameters K 0 and ∆ depend on the diffusion model, and parameterize the antiproton escape probability from the confinement volume. This volume is identified with the Galactic halo, that is described as a cylinder of radius R D , and halo half-hight L. The Galactic plane at z = 0 can be modeled as a thin disk of thickness 2 h = 200 pc. The antiproton number at density per unit energy f (t, r, Ep) = dNp/dEp vanishes on the surface of the cylinder at height z = ±L, and at radius r = R D . The larger is L and R D , the larger the probability for particles emitted in remote sources to reach us [31, 32] . In Tab. 1, we show the parameters for models with minimum, medium and maximum propagation consistent with the commented observations [32, 33] . We will use these models for our analyses.
Standard sources and interactions with the ISM are confined to the thin disk. The pp interaction in the Galactic plane depends on the inelastic and spallation cross section. We will use [32] :
Such expression for the inelastic annihilation cross section σ inel pp = σ ann + σ not-ann is an extrapolation of the behaviour at low energies (Ep 100 GeV) that is consistent with data [29] in order to describe the interstellar pp interactions in the galactic plane, both as protonantiproton annihilation and proton-hydrogen scattering (secondary contribution) or energy loss (tertiary contribution). Within this approximation, we are neglecting the tertiary antiprotons that lose a significant fraction of their energy. At high energies the σ ann tends to be smaller, so that σ inel pp σ not-ann . In any case, the exact expression does not affect the final result at these higher energies in an appreciable way. This is because the tertiary contribution does not produce new antiprotons, but merely redistributes them towards lower energies [29, 32] . All these contributions and the primary sourceQ(t, r, Ep) need to verify the diffusion equation:
We will analyze steady states defined by ∂f /∂t = 0 andQ(t, r, Ep) =Q( r, Ep). In addition, we will assume that the primary source can be factorized in two functions depending on its spatial distribution (Q X ) and its spectral shape (Q E ) in the following way:
In such a case, a general solution of Eq. (2.3) for the antiproton flux per unit of energy and per steradian can be written as:
where dN TOĀ p /dEp is the solution at r = r and
describes the Galactic antiproton production and propagation with
Because of the cylindrical symmetry, solutions are found in terms of Bessel functions of order n-th (J n ) and its properties. In particular, J 0 is the zero-th order Bessel function and ζ m is its m-th order zero. On the other hand, Π m depends also on the Bessel function of first order
As we commented in the introduction, we would like to estimate constraints and prospectives for the detection of antiproton fluxes originated from the inner part of our Galaxy. In order to simplify the mathematical treatment, we will assume a localized source at the GC. In particular, we will model Q X ( r) with a point-like spatial distribution described by a three dimensional δ-function (δ (3) ) centered at GC: 9) where Q 0 X is a normalization constant, and we have explicitly written δ (3) ( r) in terms of one dimensional δ-functions (δ (1) ) in cylindrical coordinates (r, θ, z). In such a case, Equations (2.5) and (2.9) acquire simpler expressions:
Therefore, the steady flux of antiprotons for a localized source located at the center of our galaxy can be writen as:
where Q E (Ep) is its characteristic energy spectrum. 
Energy spectra
As we have commented in the introduction, the GC hosts different types of point-like sources such as black holes, supernovas, pulsars, etc. These sources have been identified mainly by observations of their gamma ray emissions. In order to estimate the possible observation of their antiproton counterpart, it is necessary to assume a particular spectral shape without entering into the details of the particular source. If the range of antiproton energies, that is relevant for the analysis, does not extend for many orders of magnitude, a power law spectrum is typically a good approximation. Indeed, acceleration of cosmic rays by Supernovae Remnats (SNR) or Pulsar Wind Nebulae (PWN) are examples of power law spectra (with a cut-off at higher energies [21] ). In such a case, the antiproton source spectrum can be described in terms of two parameters:
where B characterizes the suppression of power at high energies, and Q 0 E normalizes the spectral flux. Therefore, we can write the total antiproton flux at TOA in terms of two constants: dΦ Figure 3 . Dependence of the antiproton diffusion function R(Ep), in terms of the antiproton kinetic energy Ep, for the maximum, medium and minimum diffusion models, associated with the annihilating DM distributed by following a NFW profile (R NFW (Ep) represented by a full, broken and dotted line respectively) as in [32] ; and a point-like DM distribution at the GC (R δ (Ep) represented by plus, cross and star points respectively, with Q 0−NFW X = 2.13 · 10 60 m 3 sr as in [30] .
where
, takes into account the total normalization of the emission. We have compared such flux with the antiproton data observed by PAMELA. In order to be conservative, we will neglect the background contribution and assume that observations are sensitive to the signal if it produces a higher antiproton flux that the observed one at any point of the spectrum. We have checked that a complete study with the use of a realistic background as the one given in [34] gives very similar results. By following this approach, the constraints on the amplitude and spectral index are shown in Fig. 1 by using different diffusion models. In any case, such a dependence is not significant as it can be seen in the mentioned figure.
The power law spectral source is constrained fundamentally by the low energy data (Ep 1 GeV). However, in a general case, observations of antiprotons at higher energies can be more relevant. We can analyze this effect by assuming a monochromatic source. In this sense, this spectrum characterizes complementary features to the power law assumption. In particular, we will describe the spectral shape as a gaussian distribution in energy
with the standard deviation given by the typical energy resolution of the device. For the PAMELA calorimeter the energy resolution is of the order of 5% of the antiproton energy (∆ E 0.05Ep) for a large spectral range. In this case, the two parameters that define the spectrum are the spectral normalization Q 0 E and the monochromatic emission energy E 0 p . We can perform an analogous analysis that for the power law shape. In this case, the total antiproton signal at TOA reads:
where the two constants, that parameterize the signal are
, and E 0 p . Again, the analysis shows very low dependence with the diffusion model (see Fig. 2 ). However, in this case, all the observational data are important depending on E 0 p , and in fact, data at high energies are most constraining since the observed antiproton flux is much more reduced. For energies higher than E 0 p 130 GeV (up the black solid vertical line), mono-energetic sources are unconstrained by PAMELA observations due to the lack of data.
Another interesting spectral shape to be studied is the one associated with annihilation or decay of DM particles, which can cluster around a very compact region of the center of our galaxy. For example, baryonic effects may modify the gravitational potential by increasing the density in the GC [35, 36] and compressing the dark halo. This scenario is under debate [37] , but it could enhance the importance of the GC region for indirect DM searches, and in particular, for the antiproton analysis. In fact, it has been shown in [30] that the J1745-290 HESS gamma ray data [10, 11] are well fitted as a point-like DM source at the GC. This analysis shows good agreement with DM annihilation or decay into uū, dd, ss and tt quarkantiquark channels and W + W − and ZZ boson channels. Leptonic and other quark-antiquark channels were excluded with 95.4% confidence level. Therefore, an important amount of antiprotons is expected to be produced if the DM is the origin of this gamma ray emission.
On the other hand, there is another motivation to consider this type of localized DM sources at the GC. Antiproton fluxes from DM have been largely studied in previous works [22, 23, 38 ], but they have been focused on the total dark halo contribution, which is dominated by local density contributions. Indeed, numerical results for general antiproton fluxes at the TOA generated by annihilation or decay of DM particles in the Galaxy halo with h! Figure 6 .
Exclusion regions from PAMELA data for DM annihilating into W + W − pairs distributed in a NFW halo. The upper (white) region is excluded independently of the diffusion features of the antiprotons within the Milky Way. On the contrary, the lower (green) region is allowed. Intermediate regions (Orange and blue) are allowed also for medium and minimum diffusion models, respectively (the boost factor associated to the NFW halo emission is plotted in the vertical axis b different propagation models have been provided in [32] . It has been shown that numerical computations of different solutions of the diffusion equation present an unavoidable singularity around the GC, because of the central steepness, which usually characterizes DM halo density profiles. In particular, in Ref. [32] , this divergence is replaced by a well behaved approximation below an arbitrary critical radius of few parsecs (footnote 16 in [32] ). In this sense, the addition of a DM contribution from a point-like source at the GC provides a more complete analysis (for a different way of regularizing the central DM halo singularity, read [39] ).
In order to give a well established physical reference for the value of this point-like contribution, we will use the standard contribution of annihilating DM from the NFW profile [40] of our Galaxy and the gamma ray observation in the direction of the GC. In this case, the expression for the astrophysical factor is given by :
where l is the distance from the Sun to a particular point of the DM halo, that is related to the radial distance r from the GC, through the equation: r 2 = l 2 + D 2 − 2D l cos Ψ, with
The distance between the solar system and the center of the Galaxy is D 8.5 kpc. We will assume the solid angle ∆Ω = 10 −5 sr. In this case, the equivalent DM point-like source associated with the density distribution ρ δ ( r) is a spatial δ-function centered at the GC, which in spherical coordinates r ≡ (r s , θ s , φ s ), can be written as:
where we normalize this value to the local DM density ρ 0.3 GeVcm −3 . Thus, the contribution of the point-like spatial distribution to the gamma ray flux is
The same astrophysical factor for the gamma ray observation coming from the GC direction with a telescope with the same HESS solid angle ∆Ω 10 −5 sr and NFW DM density distribution is J NF W ∆Ω HESS = 280 × 10 23 GeV 2 cm −5 . Thus, the equivalent normalization constant, that we will use as reference, is given by
It is interesting to compare between the antiproton flux coming from the GC and the expected contribution from the continuous halo. The relation will depend on the diffusion model and particular features of the DM density distribution. In order to give numerical results, we will focus again in the annihilating DM case within the standard NFW profile. Figure 11 . The same as Fig. 9 for the minimum propagation model. In this case, the contribution from the GC is dominant at low energies.
The diffusion Equation (2.3) applies to the total antiproton source coming from DM annihilation. The steady solution is also given by Eq. (2.12), but we need to take into account the continuous distribution of the DM to compute R NFW (Ep) from Eq. (2.5):
As we see in Fig. 3 , when Q 0
, the propagation function R δ (Ep) for the point-like DM source at the GC is comparable with the propagation function R NFW (Ep) for the NFW halo profile. Moreover, fitting HESS data requires typically Q 0 X 10 3 Q 0−NFW X , which implies that the GC contribution could dominate the standard one (see Fig. 3 ).
The emission spectra of the source term for annihilating DM is
The differential number of antiprotons per energy unit dN j p /dEp, produced in a given annihilating or decaying channel j, involves hadronization and possible decays of unstable products. This requires Monte Carlo events generators [41] or fitting or interpolation functions [42] . In particular, we will use the results reported in [32] . They refer to Pythia 8.135 Monte Carlo events generator software [43] and reproduce the differential number of antiprotons produced by DM of different masses. In this work, we will focus on antiproton fluxes coming from fragmentation and decays of SM particle-antiparticle pairs produced by DM annihilation. We will ignore DM decays. In particular, we will illustrate our analysis by considering DM annihilation into W + W − pairs that are consistent with the origin of the HESS J1745-290 gamma-ray observations [30] , as an interesting example.
Thus, in Fig.4 , we show the antiproton flux generated by a 48.8 TeV DM particle that annihilate into W + W − pairs at source, before the propagation. As we can see, electroweak (EW) corrections are important for antiproton production at low energies. In Fig. 5 , we show the antiproton flux at TOA after the propagation within the Galaxy when the primary source is the mentioned 48.8 TeV DM annihilating into the W + W − channel in the case of a NFW halo profile and point-like source at the GC for different diffusion models.
We can compare with the PAMELA antiproton data in order to constrain a vast range of DM masses depending on the particular value of Q 0 X , the DM mass m DM , and the annihilation or decay channel. In particular, we will present results for the NFW halo profile and annihilating DM into the W + W − channel by assuming the standard thermal averaged cross-section σv = 3 × 10 −26 cm 3 s −1 . In Fig. 6 , we analyze the case of the only contribution of a simple NFW halo profile.
For DM masses below m W 80.4 GeV, DM cannot annihilate into a real W + W − pair. However, for a kinematically allowed annihilation channel, it is well known that low mass DM particles are severely constrained for masses below 1 or 100 GeV, depending on the diffusion model features (minimum or maximum type, respectively). The restrictions can be extrapolated to higher masses for high values of the boost factor b NFW , which accounts for possible enhancements of the antiproton flux due to higher annihilating cross sections or different DM density distributions. Indeed, enhancements of order b NFW 10 3 allow to restrict DM masses of order m DM 100 GeV or even m DM 10 TeV depending on the particular features of the antiproton propagation.
In Fig. 7 , we show the results from the same analysis computed for the propagation of antiprotons produced at a point-like source centered at the GC. Following our convention, we need very high values of Q 0 X in units of Q 0−NFW X in order to find significant constraints. We can define the boost factor associated to the central contribution as
. In contrast with b NFW , it is important to remark that, in general, there is not a preferred theoretical value for b δ−NFW . It depends on the particular clustering mechanism for the DM substructure localized at the GC. Indeed, it may be much larger or smaller than one.
In such a case, we can compute the total antiproton flux as:
where j labeled the possible different annihilating or decaying channel contribution, and R δ−NFW (Ep) means the propagation function associated to the localized central contribution normalized with Q 0 X = Q 0−NFW X 2.13 · 10 60 m 3 sr. Because antiprotons sources from the GC could reach at the Earth from any direction, they would be hardly distinguished from the ones produced by the continuous halo distribution.
By taking into account both contributions, and particularizing again for the W + W − annihilation channel, we can reach the results shown in Fig. 8 for b W W NFW = 1. DM particles with masses below approximately 100 GeV, which annihilate in the mentioned boson channel are excluded for the maximum diffusion model. This is due to the GC contribution and because the most part of the antiproton flux produced by heavy DM annihilating into W + W − pairs contributes mainly at high energies. The point-like contribution dominates for b W W δ−NFW 10 3 , whereas it is negligible for b W W δ 10 −2 . In any case, heavy DM masses are allowed also with large values of b W W δ−NFW . In fact, current observations are not sensitive to the DM particle masses around 48.8 TeV. Such a value is consistent with the origin of the HESS data of gamma rays coming from the GC, which requires b W W δ−NFW = 1767 ± 419 [30] (We define b W W HESS ≡ 1767 as a benchmark boost factor, which we will use to illustrate our results). Similar features can be observed at Figs. 9, 10, 11 . The contribution from the point-like source at the GC is more important at low energies. This result is general for any value of the DM mass. On the contrary, the mass value characterizes the emission at high energies, since the spectra show a cut-off at the DM mass. These high energy features are quite independent of the spatial distribution assumed for the DM particles. Similar conclusions can be derived from Fig. 12 , where an explicit comparison with the PAMELA data is provided.
Conclusions
Present antiproton flux measurements are compatible with standard diffusion models of cosmic rays without additional primary sources. Indeed cosmic rays interactions with interstellar medium and their propagation represents the background for new astrophysical primaries that may produce an important amount of antiprotons. We have analyzed the prospective signatures that should be produced by different types of antiproton spectra sources at the center of our Galaxy. The diffusion of antiproton particles highly affects the final signature. In this sense, our analysis can be used to constrain new sources of primary antiprotons if the agreement between observations and predictions is maintained; or alternatively, it can determine the features of the diffusion model if a new antiproton flux component from the galactic center is identified.
We have studied the antiproton propagation function for a point-like source at the GC. In general, this function depends on the spatial distribution source. We have analyzed the flux at the TOA for three emission spectra as different models that could be associated to a large variety of astrophysical sources, such as the case of a power law flux, monochromatic emission, or to annihilating or decaying DM. We have studied the sensitivity of present observational data to constrain the different features of the mentioned spectra, as the total normalization amplitude, the power index, the characteristic energy, the DM mass, etc. The constraints are very general and need to be compared with particular motivated sources. Alternatively, if an excess is observed, our analysis can determine the particular model favoured for such data.
In the case of the DM, there are two reasons for the analysis. On the one hand, DM can be compacted around a very localized region around the center of our galaxy for different processes, as the baryonic compression or black hole effects. On the other hand, numerical computations of the diffusion equation present a singularity at the GC, because of the central behaviour of DM halos density profiles. This divergence needs to be regularized. The simplest possibility is removing it below a given radius [32] . Another possibility is to consider its contribution separately as a point-like source. In any case, the contribution from the local continuous halo profile is expected to be important and the interplay between both contributions gives a rich phenomenology, as we have shown in the present study.
